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Introduction
Fetal growth is characterized by its genetically predetermined growth potential; however, it is further modulated by maternal, fetal, placental, and environmental factors [1, 2] . Hostile circumstances can threat the achievement of the growth potential of the fetus throughout pregnancy [2] . Limitations of fetal growth potential are known to lead to a variety of adverse perinatal and adult conditions, ranging from stillbirth to chronic diseases in adulthood [3] [4] [5] . Adequate growth of the fetus throughout pregnancy is highly dependent on the normal development of the umbilical cord (UC), a structure that connects the growing embryo to its placenta by the third week of gestation [6, 7] . The UC ensures oxygen and nutrient supplies to the fetus throughout pregnancy. During the last decades, numerous studies have highlighted that UC insertion site could be relevant in obstetrics as its abnormal positioning has been associated with numerous complications of pregnancy, including preterm delivery, low birth weight, growth restriction, stillbirth, increased rate of emergency caesarean section, and low Apgar scores [7] [8] [9] [10] [11] [12] .
The UC insertion site can be subdivided into four categories: central, paracentral, marginal/battledore, and velamentous/membranous. The central/paracentral category is considered as the normal condition. It is well accepted that UC insertion is considered aberrant when attached at the edge of the placental disk (marginal/battledore) or when it is inserted into the chorioamniotic membranes (velamentous/membranous), which often leads to fetal death [8, [13] [14] [15] . Recent reports suggested that a peripherally inserted UC might also be associated with pregnancy pathologies [16] . Although noncentral cord insertion is more frequent in twin pregnancies, singletons are also concerned with an approximate frequency of 7% for marginal and 1% for velamentous insertion [17] .
The etiology of noncentral cord insertion is not clear and it is probably influenced by many factors. Three theories have been proposed: first is the "blastocyst polarity" theory, which hypothesizes that aberrant insertion site results from malpositioning of the blastocyst during implantation, with consequent defective placental disk orientation [18] ; the second is the "abnormal placental development because of decreased chorionic vessel branching" theory, which posits that noncentral insertion results from abnormal vasculogenesis in the placenta [19] [20] [21] ; and the third one is the "trophotropism/placental migration" theory, which proposes that aberrant insertion develops later on during pregnancy when the placenta migrates toward sites of optimal perfusion [8] . Because of the early appearance of abnormal cord insertion during pregnancy, the latter theory has been excluded [20, 22] .
Noncentral cord insertion is closely associated with early impaired development and function of the placenta, suggesting genetic and/or environmental associated mechanisms [6, 23] . Fetal growth is dependent on oxygen and nutrienttransfer capacity of the placenta, which is highly associated with the vascular network development within the chorionic villi. Abnormal umbilical cord insertion is associated with smaller placenta [23] and lower placental vessel density [24] . The placental insufficiency accompanying abnormal cord insertion may increase the susceptibility to perinatal risk often associated with these conditions [25, 26] . We thus hypothesize that optimal placentation will result in a central insertion of the umbilical cord which in turn allows an optimal growth of the fetus throughout gestation. Therefore, the aim of the present study was to examine if the site of umbilical cord insertion within the placenta of singleton pregnancies could be correlated to the newborn birth weight at term and to its individual growth potential achievement.
Material and Methods
A cohort study, including 603 consecutive singleton deliveries after 36 weeks of gestation (WG), from August 1, 2006 , to December 31, 2006 , was performed at the Grenoble University Hospital, Maternity Clinic. Neonates with malformations (36/75) and incomplete files (39/75) were excluded ( = 75, 12.4%). A total of 528 files were evaluated (Figure 1) . The data were then collected from the computerized files. The maternal data collected included ethnicity (Caucasian, North African, African, or Asian), age, prepregnancy body mass index (BMI), tobacco use, spontaneous first trimester pregnancy loss records, uterine anomalies such as myomas, and prepregnancy health status influencing fetal growth (i.e., hypertension, autoimmune diseases, cardiomyopathy, diabetes, renal impairment, parity, and pregnancy pathology, such as gestational diabetes, preeclampsia/eclampsia, anaemia, and obstetric cholestasis). The selected neonatal items were as follows: gestational age at birth (in days), baby's gender, size, and weight, and cord insertion site. Two categories were used: central insertion and peripheral insertion (paracentral, battledore, and velamentous). Central UC was defined as UC insertion near the center of the placenta (i.e., less than 3 cm from the center). Paracentral UC was defined as insertion of the UC more than 3 cm from the center and more than 2 cm from the nearest margin. Marginal UC insertion was defined within 2 cm of the disc's edge, whereas velamentous insertion represents an UC insertion directly into the membranes. Each new born was individually assessed for growth and adjusted to its gestational age according to the infant's growth potential. This was performed based on AUDIPOG online fetal growth assessment module (AUDIPOG-Association of Users of Computerized Medical Records in Paediatrics, Obstetrics and Gynaecology-http://www.audipog.net/) [27, 28] . This French module takes into account maternal age, prepregnancy BMI, birth rank, newborn gender, gestational age, birth weight, and length to predict the individual infant's genetic growth potential [27] [28] [29] [30] . From a sample of 43,654 infants from the AUDIPOG database, two statistical models gave individualized limits of birth weight and birth length below which, after adjustment for its individual growth potential, a newborn must be considered as FGR in weight and/or in length. This new approach has been validated in several publications [27] [28] [29] [30] and allows classifying some newborns as "constitutionally small" due to their low growth potential and identifying newborns with fetal growth restriction (FGR). In this study, we used the individualized limits of birth weight to identify newborns with FGR. Once the infant's estimated personal percentile is calculated with AUDIPOG curves, each neonate is classified under three categories: growth restricted (less than the 10th percentile, with severe growth restriction below the 3rd percentile), appropriate for gestational age (from the 10th percentile to the 90th percentile), or large for gestational age (over the 90th percentile).
Variables were described as mean and standard deviation for continue quantitative data, number and proportion for qualitative data, and median and interquartile range for discrete quantitative data. The normality was checked with histogram of the sample data, also with skewness and kurtosis standardized moments (age and size) and with the Shapiro Wilk normality test (birth weight). The nonnormal initial distribution (BMI and weight) was transformed with a log function. The analyses with nonnormal distribution (parity) were switched to nonparametric test, as Wilcoxon test. Student's -test was appropriate for categorical and continuous data. Chi-square test was appropriate for categorical data. We performed multivariate ANOVA (umbilical cord insertion site and tobacco) and logistic regression modeling for fetal growth restriction explained by tobacco and umbilical cord insertion site in the model, both of them with interaction. The OR and 95 IC for each factor were performed. A value <0.05 was considered significant. The statistical analyses were performed using the R-software (V3.10).
Results
The flowchart of the study group is represented in Figure 1 . Analyses of our cohort showed that 343/528 (65.0%) of umbilical cords were centrally inserted, whereas 185/528 (35.0%) were peripheral (Table 1) . Within the peripherally inserted umbilical cord, paracentral insertion was observed in 136/185 (73.5%) UC, battledore insertion in 44/185 (23.8%) UC, and velamentous insertion in 5/185 (2.7%) UC (Table 1) . The main demographic characteristics of the two populations are summarized in Table 2 . There was no significant difference between the two groups in terms of age, parity, BMI, or ethnicity of the mother.
Confounding factors traditionally associated with FGR are presented in Table 3 . No significant difference between the two groups was observed when comparing prepregnancy pathologies, uterine anomalies, and first trimester spontaneous pregnancy losses. Interestingly, there were twice as many smokers in the mothers of the peripheral category. There were 34/343 (9.9%) smokers in the mothers of the central cord inserted group and 37/185 (20.0%) in the peripheral group, respectively (Chi2 = 10.5, df = 1, < 0.01). No difference was observed between the two groups when comparing the occurrence of main pregnancy pathologies, such as diabetes, preeclampsia, anaemia, and obstetric cholestasis.
The detailed infant characteristics are shown in Table 4 . There was no difference in the gestational age at birth between the two categories (one-way ANOVA = 3, Df = 1, value = 0.053). Our analysis demonstrated that the mean neonatal weight was statistically different between the two categories ( -test, < 0.001). Interestingly, the infants born with a centrally inserted cord were 235 g heavier. When analyzing the achievement of their individual growth potential, we found that only 17/343 (5.0%) of infants with central cord insertion were under the 10th percentile (with 5/343 (1.5%) under the 3rd percentile and 12/343 (3.5%) between the 3rd and the 10th percentile, resp.), compared to 37/185 (20.0%) in the peripheral group (with 15/185 (8.1%) under the 3rd percentile and 22/185 (11.9%) between the 3rd and the 10th percentile, resp.). Overall, peripheral UC was strongly associated with growth restriction (Chi-square, < 0.001).
We performed a multivariate analysis and a logistic regression analysis to determine whether smoking and peripheral insertion contribute to FGR (Table 5) . ANOVA analysis did not show any significant interaction effect between tobacco and umbilical cord insertion site (interaction factor, value = 0.39, df = 1, = 0.53). The tobacco factor was nonsignificant ( value = 1.92, df = 1; = 0.16). However, we found a strong interaction between peripheral UC insertion site and FGR ( value = 37.874, df = 1; = 1.5 × 10 −9 ). In accordance with these data, the logistic regression confirms the significant interaction between peripheral umbilical cord insertion site and fetal growth restriction ( 
Discussion
In the present study we demonstrate a significant difference in the infant birth weight at term between central and peripheral umbilical cord insertion according to the individual growth potential. Our study aimed to investigate an old dogma regarding the relationship between cord insertion and infants' outcomes. The percentages of centrally and aberrant inserted cords reported in our study represent an intermediate finding between two previous reports. The first study, by Rolschau [31] , reported only 2.68% ( = 12, 95% CI = 1.1-4.30%) of battledore insertion and 1.15% ( = 5, 95% CI = 0.3-2%) of velamentous insertions in 447 singleton pregnancies. In 2013, the group of Rasmussen reported 6.3% ( = 39,403; 95% CI = 6.3-6.4%) of battledore insertion and 1.5% ( = 9,500; 95% CI = 1.5-1.6%) of velamentous insertions in 623,478 singleton pregnancies [23] . We observed 8.3% ( = 44; 95% CI = 5-16%) of battledore and 0.95% ( = 5; 95% CI = 0-9%) of velamentous insertions in 528 singleton pregnancies. These results are closer to the study of Rasmussen's group. The discrepancies observed with the first study could be explained by several hypotheses. Compared to the data from Rolschau [31] published in the 1970s, the higher percentage of battledore insertion observed in our study might be due to the increasing incidence of several factors that have been shown to affect pregnancy outcomes [32, 33] , such as inadequate maternal environment (e.g., increasing maternal age of conception [34, 35] , maternal smoking, and stress [36] [37] [38] ), multiple births [37] , pregnancies conceived with the aid of assisted reproductive technology [39] , endocrine disruptors [40, 41] , and specific environmental parameters (e.g., air pollution) [42] . We observed that tobacco use was twice as frequent in the peripheral inserted cord group compared to the normal one. This is in accordance with previous studies from Thirkill et al. [43] and a recent study from Holloway et al. [44] demonstrating that the cigarette smoke and nicotine inhibited placental endothelial cells responses as well as the migration of the trophoblast cells. Moreover, Shiverick and Salafia reported in a recent report that nicotine and polyaromatic hydrocarbons disturbed trophoblast cell proliferation and invasion [45] . More recently, Zdravkovic et al. have demonstrated that nicotine downregulated the l-selectin system and consequently inhibits cytotrophoblast migration from the cell columns [46] . Tobacco might then be an early inhibitor of trophoblastic shell formation. In 2013, the group of Rasmussen reported that smoking early in pregnancy slightly increased the risk of velamentous cord insertion (OR = 1.2, 95% CI = 1.1-1.3) but not marginal insertion (OR = 0.99, 95% CI = 0.96-1.01) [23] . In our study, maternal smoking during pregnancy did not significantly increase the risk of peripheral umbilical cord insertion site or FGR. This result was unexpected as it is well established that tobacco consumption during pregnancy leads to a reduction in birth weight and that smoking cessation prior to the third trimester results in a reduction in the risk of fetal growth restriction [36] [37] [38] . The relatively small number of patients in our study could explain the discrepancy in these results. Indeed, one can speculate that larger studies might uncover weaker associations such as tobacco/FGR and tobacco/peripheral UC insertion site. Further studies are required to determine whether maternal smoking during pregnancy is associated with the occurrence of noncentrally inserted cords and/or with FGR.
Numerous studies have established [5, 23, 24] a link between abnormal umbilical cord insertion and intrauterine growth restriction and/or low birth weight in all types of multiple pregnancies [47] [48] [49] [50] [51] [52] . However, to our knowledge, our study is the first to demonstrate with an accurate characterization of individual newborns growth potential that noncentral cord insertion (i.e., paracentral, battledore, and velamentous) is highly associated with fetal growth restriction and low birth weight in terms of singletons. This result suggests that central UC is relevant to optimal individual growth achievement. In relation to the correlation between peripheral cord insertion and the higher occurrence of FGR, one can speculate from a mathematical and geometrical point of view that a placenta with a central umbilical cord will better ensure an equal distribution and exchange of blood between the different parts of the placenta and directly benefit the growing fetus.
Our study has several limitations. First, we have excluded 75/603 (12.4%) files, which seems high and may provoke concerns regarding biased data. Second, the number of patients was relatively small, which may cover weaker associations such as tobacco/peripheral UC insertion site. Evaluating links between peripheral UC insertion site and rare risk factors will require larger studies. Third, we did not have postpartum follow-up data regarding the growth and the development of children with peripheral UC insertion site. Our results confirmed that it could be relevant to include peripheral UC together with other placental lesions in future epidemiologic studies.
The strength of our study is that the fetal growth was evaluated with appropriate assessment of the newborn personal growth potential. Thanks to AUDIPOG modeling, the characterization of individual estimated percentile allows us to discriminate "constitutionally small" newborns from the ones who failed to achieve their "genetic growth potential" in utero.
We have chosen the AUDIPOG module for its specificity to the French population and its continuous updating. We agree that the main nonpathological factors affecting birth weight not only are associated with the maternal age, gestational age, maternal prepregnancy BMI, and parity, but also could be due to ethnic group and paternal characteristics [1] . However, to our knowledge, no module taking into account the ethnic and paternal characteristics has yet been reported for the French population.
Our intent in this study was to evaluate an easily measured criterion-the umbilical cord insertion site at delivery-that would be practical for routine clinical practice. Our results confirm that peripheral UC insertion site should warn obstetrician/paediatrician of a higher risk of FGR and fear its associated adverse perinatal and adult conditions, ranging from stillbirth to chronic diseases in adulthood [3] [4] [5] . Therefore, abnormal UC insertion site should be considered as an indication of intensive medical supervision during childhood and adulthood in order to improve FGR associated morbidity and mortality. Furthermore, our results confirm that early prenatal identification of abnormal insertion of the umbilical cord is a desirable clinical goal since these pregnancies are at greater risk for adverse perinatal outcome including not only low birth weight and growth restriction, but also preterm delivery, stillbirth, increased rate of emergency caesarean section, and low Apgar scores [7] [8] [9] [10] [11] [12] . As visualization of the placental CI site becomes more difficult with advancing gestation, it should be evaluated in the midtrimester in order to identify a significant number of pregnancies at risk for obstetric complications [53, 54] . The difficulty to image the CI site should warn sonography practitioners of an abnormal CI risk (ultrasound diagnosis and management of umbilical cord abnormalities) and convince them to perform a more precise scan (i.e., scanning in different body positions and using color Doppler). In future, the use of color Doppler ultrasound should be the modality of choice to image the placental cord insertion site at routine obstetric ultrasound, as it allows identifying the placental cord insertion site in practically 100% of cases [53, 54] . Further studies are necessary in order to investigate whether the prenatal diagnosis of an abnormal umbilical cord insertion site in apparent normal fetuses identifies the ones at risk for being growth restricted later in pregnancy and/or at delivery.
Conclusion
In conclusion, our results demonstrate a strong link between the umbilical cord insertion site and the optimal individual intrauterine growth potential achievement. We observed that tobacco use was twice as frequent in the peripheral inserted cord group compared to the normal one, though no significant interaction could be reached neither with peripheral umbilical cord insertion site nor with FGR. Extensive studies are required to better understand the physiopathological mechanisms involved in the partial regression of the chorionic villi that define the insertion of the umbilical cord within the placenta. Moreover, we propose that peripheral umbilical cord insertion diagnosis during pregnancy should warn sonography practitioners as this parameter might help in detecting an increased risk of FGR population. Therefore, antenatal ultrasound diagnosis of umbilical cord abnormalities should be considered as an indication of intensive fetal monitoring during pregnancy and labor in order to improve neonatal outcome.
